Versican is one of the major extracellular matrix (ECM) proteins in the brain. ECM molecules and their cleavage products critically regulate the growth and arborization of neurites, hence adjusting the formation of neural networks. Recent findings have revealed that peptide fragments containing versican C-terminus (G3 domain) are present in human brain astrocytoma. The present study demonstrated that a versican G3 domain enhanced cell attachment, neurite growth, as well as glutamate receptor-mediated currents in cultured embryonic hippocampal neurons. In addition, the G3 domain intensified dendritic spines, increased the clustering of both synaptophysin and the glutamate receptor subunit GluR2 and augmented excitatory synaptic activity. In contrast, a mutated G3 domain lacking the epidermal growth factor (EGF)-like repeats (G3 EGF) had little effect on neurite growth and glutamatergic function. Treating the neurons with the G3-conditioned medium rapidly increased the levels of phosphorylated EGF receptor (pEGFR) and phosphorylated extracellular signal regulated kinase (pERK), indicating an activation of EGFR-mediated signaling pathways. Blockade of EGFR prevented the G3-induced ERK activation and suppressed the G3-provoked enhancement of neurite growth and glutamatergic function, but failed to block the G3-mediated enhancement of cell attachment. These combined results indicate that the versican G3 domain regulates neuronal attachment, neurite outgrowth and synaptic function of hippocampal neurons via EGFRdependent and independent signaling pathway(s). Our findings suggest a role for ECM proteolytic products in neural development and regeneration. During brain development or neural regeneration, the extracellular matrix (ECM) is dynamically cleaved by matrix matalloproteinase (MMP) (1) . The ECM molecules and their proteolytic products, via communications with their interacting partners (2), fundamentally regulate growth and arborization of neurite processes of neuronal cells, thus adjusting the formation of functional neuronal networks. Chondroitin sulfate proteoglycans (CSPGs) are the major ECM components in the brain and are organized into perineuronal nets. Expression of CSPGs inhibits experience-dependent neural plasticity whereas their degradation reactivates neural plasticity (3), suggesting a critical role for CSPG metabolism in neural development and plasticity (4) . However, the underlying mechanism for the functions of CSPG metabolites remains largely unclear.
Versican, one type of CSPG molecule, was originally isolated from human fibroblasts and developing limb buds in the chicken (5, 6) . Later this molecule was found to be highly expressed in the developing and matured mammalian brain (7, 8) . Four isoforms of versican (V0, V1, V2 and V3) have been identified in various tissues (7, 9) . V0, the full-length versican, contains both N-(G1) and C-terminal globular domains (G3), together with a large central CS-region that is encoded by two exons producing CSα and CSβ domains (see Fig. 1A ). The exons of CSα and CSβ can be alternatively spliced, thus generating three splice variants of versican; V1 lacks the CSα domain, V2 is devoid of the CSβ domain and V3 contains neither CS domains. Studies have demonstrated that the tandem repeats in the G1 domain mediate binding of versican to hyaluronan (10, 11) , whereas the central CS-exons contain sites for glycosaminoglycan modification (12) . More specifically, the G3 domain consists of two epidermal growth factor (EGF)-like sequences, a carbohydrate recognition domain and a complement binding protein-like motif which is structurally similar to the selectin family (Fig. 1A) . The expression levels of versican V1 are high in the embryonic brain (8) , whereas V2 is the dominant isoform within the mature central nervous system (8, 9) . This suggests distinct roles for different versican isoforms during brain development. With respect to this notion, various studies have demonstrated that versican V2 inhibits neurite outgrowth (13), whereas we recently found that V1 promoted neurite extension (14) . We propose that the diverse roles of versican isoforms in regulating neuronal morphology may rely on their specific sub-domains.
To dissect the function of specific versican domains, we examined the effect of the G3 domain of versican on the morphology and synaptic function of cultured embryonic hippocampal neurons. We chose to study the function of the G3-domain because abundant G3-containing fragments of versican are found in human brain astrocytoma (15) . Moreover, the versican G3 exhibits biological actions in numerous cell types (15) (16) (17) (18) . This study reveals that 1) the versican G3 domain enhances neurite growth as well as the formation of excitatory synapses in hippocampal neurons; 2) the functions of the G3 domain are associated with activation of EGF receptors (EGFR) via its EGF-like motifs.
Experimental Procedures
Expression and Purification of Versican G3 Domains -The construction of recombinant versican G3 and a G3 fragment lacking the EGFlike motifs (G3 EGF) (Fig. 1A) has been described previously (16, 19) . Briefly, cDNAs corresponding to the G3 and G3 EGF domains of chicken versican (6) were subcloned in a mammalian expression vector (pcDNA3). The leading peptide of link protein (nucleotides 1-180) was joined with the versican G3-or G3 EGFdomains in order to allow secretion of the gene products (16) . This leading peptide serves a dualrole: it contains a signal peptide for product secretion and an epitope recognized by the monoclonal antibody 4B6 (20) . As well, a His epitope was added to the C-terminus of the constructs for staining and purification purposes. The G3 and G3 EGF constructs were stably expressed in astrocytoma cell line U87 (17) . The recombinant proteins containing the C-terminal His-tag in the culture media were subjected to purification, using Ni-NTA affinity columns, under native conditions according to the manufacturer's instructions (Qiagen, Valencia, CA). The purity of G3 and G3 EGF peptides were analyzed on SDS-PAGE and Western blots (Fig. 1B) probed with the monoclonal antibody 4B6 that recognizes an epitope in the leading protein (21, 22) . To study the effects of the versican G3 peptides on neuronal morphology and function, the peptides were added into the media at different time points, or coated on the culture dishes/coverslips (see below).
Versican G3-Conditioned Medium -Primary cultures of cortical glial cells were made following a modified protocol described previously (23) . Briefly, cells in the embryonic rat cortex were dissociated by mechanical trituration. The cortical cells were plated in dishes (Falcon) at a density of 5 x 10 4 cells / cm 2 and cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal calf serum. On the 14 th day in vitro (DIV), the cells were striped and re-plated for further culture. Under these conditions, only glial cells continued to proliferate. At 90% confluence, the glial cells were transiently transfected with G3 or vector, using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. One day after the transfection, the medium was replaced with fresh B27-supplemented Neurobasal medium (Invitrogen). The conditioned media were collected 3 days after cell transfection. The expression of G3 in the cortical glial cells and the secreted G3 in the conditioned medium were confirmed by immunoblot using 4B6 (Fig. 1C) . According to our previous result (16) , the concentration of the G3 products in the media was approximately 1.0 µg/ml.
Coating Culture Dish/coverslip with the Versican Peptides -The 12-well plastic dishes (Nunc, Roskilde Denmark) that contain an 18 mm diameter glass coverslip, or 35 mm dishes were filled with the purified G3-solution, or the protein purification buffer serving as a control. The peptide and control solutions were left in the dishes overnight (for about 15 hrs) at 4°C and removed on the next morning. Following a rinse with PBS, the glass coverslips and dishes were then recoated with poly-D-lysine (PDL). For another set of experiments, dishes/coverslips were coated with PDL alone.
ELISA Assay -The amount of G3 peptide bound to coverslips was determined by ELISA (colorimetric) assay as previously described (24) with modifications. In brief, after removing the G3 peptide, the coverslips were gently rinsed with PBS, and then blocked with 2% BSA at 4°C for one hour. The coverslips were incubated with the monoclonal antibody 4B6 overnight. Afterwards the coverslips were incubated with horseradish peroxidase (HRP) conjugated sheep anti-mouse IgG secondary antibody (Amersham Biosciences UK Ltd., Little Chalfont Buckinghamshire, England), HRP substrate o-phenylenediamine dihydro-chloride (OPD, Sigma-Aldrich Canada Ltd.) was added to produce a color reaction. The optical density was measured using a spectrophotometer (Ultrospec 1000, Pharmacia Biotech Ltd., Cambridge, England).
Preparation and Treatment of Cultured
Hippocampal Neurons -Dissociated embryonic hippocampal neurons were cultured on coverslips/dishes that were coated in different materials as described above. The procedures for cell dissociation and culture were described previously (25) . Briefly, hippocampal cells from Wistar rat embryos at day 18 (E18) were isolated by mechanical trituration and then plated in control and G3-coated dishes at a density of 6 × 10 4 cells / cm 2 in standard plating medium, which contains Neurobasal medium (Invitrogen), B27 (1:50, Invitrogen), 0.5 mM L-glutamine, 25 µM glutamic acid, 0.5 mM sodium pyruvate and 0.5 % FBS. To examine the effect of versican peptides on neuronal cell attachment, morphology and function, versican peptides were included in the plating medium at a final concentration of 50 ng/ml. Neurons were incubated at 37°C in an atmosphere containing 5% CO 2 . Eighteen hours after plating, the plating medium was replaced with culture medium containing Neurobasal medium supplemented with B27 (50:1) and Lglutamine (0.5 mM). This culture medium supports neuronal growth while restricting the expansion of other cell types (26) . To separate the effect of G3 peptides on cell attachment from the effect on neuronal morphology and function, the peptides (50 ng/ml) were added in the culture medium on the 3 rd DIV. In some experiments, the specific EGFR inhibitor AG1478 (Calbiochem, San Diego, CA) was included in the plating or culture medium. Neurons were used at different DIV as stated in the results.
Analysis of Neurite Growth & Dendritic Spines -
To examine the short (18 th hour) and long (7 DIV) term effects of versican peptides on the growth of neurites and dendritic spines, digital images of neurons in different conditions were taken using an inverted light microscope (Carl Zeiss, Göttingen, Germany) equipped with a digital camera (Nicon Coolpix 4500). For studying the growth of dendritic spines, neurons (7 DIV) were transfected with a green fluorescent protein (GFP)-expressing plasmid using Lipofectamine 2000. Twenty-four hours after transfection, neurons were washed with DPBS, and fixed with 3.7% paraformaldehyde mixed with 4% sucrose in DPBS. Images of randomly-selected individual GFP-expressing neurons on control and G3-coated coverslips were taken (in each group, n ≥ 30 cells) using a confocal microscope (Carl Zeiss) at 63x and/or 100x magnifications.
The digital images of neurites and dendritic spines from randomly-selected image fields were analyzed using the Image-J program (National Institutes of Health, USA). For analyzing the neurite length of neurons 18 hours after plating, the longest neurite of an individual neuron was measured. For 7 DIV neurons, the neurite density was semi-quantitatively analyzed by measuring the neurite-covered area (pixels). In some experiments, the fluorescent area of individual GFP-expressing neurons was analyzed. To determine the density of dendritic spines, the length of randomly-selected secondary dendrites of GFP-expressing neurons was measured and the number of spines on the dendrites was counted, and the averaged number of spines per 20µm length of neurite was determined.
Patch Clamp Recordings -To study the effects of versican G3 on the function of the major transmitter receptors in neurons, glutamate-and γ-aminobutyric acid (GABA)-evoked currents were evaluated. Conventional whole-cell recordings were made in cultured neurons on the 2 nd or 8 th DIV unless specified otherwise. Neurons in the G3-coated and sister control dishes were randomly selected under a microscope. Recordings were performed under voltage-clamp (at -60 mV) by means of an Axopatch-1D amplifier (Axon Instruments, Foster City, CA). Electrodes as well as the extracellular and intracellular solutions (ECS and ICS) were made as previously described (25) . The cell capacitance was measured using the Clampex program (Axon Instruments). Rapid application of receptor agonists to the cells was achieved via a computer-controlled multibarrelperfusion system (SF-77B, Warner Instruments, Hamden, CT). Electrical signals were digitized, filtered (1-2 kHz), and acquired on-line by means of Clampex. The peak amplitude of evoked currents was measured off-line using the program Clampfit (Axon Instruments). For recording of miniature excitatory postsynaptic currents (mEPSCs), 0.5 µM of tetrodotoxin and 20 µM of bicuculline methiodide were included in the ECS. In each recording, at least 120-200 mEPSC events were collected for analysis. The amplitude and frequency of mEPSCs were analyzed using the program "Mini-analysis" (Synaptosoft Inc., Decatur, GA). All recordings were performed at room temperature (22-24ºC).
Immunoblot -To test the effect of G3 on the expression of synaptic and intracellular signaling proteins, we treated neurons with the G3-conditioned medium at different time points. In some dishes, 0.5, 5.0 and 20 µM AG1478 was included in the medium 30 minutes before and during the G3-stimulation. The vector-conditioned medium was used as a control. For the assays of synaptic proteins, we treated the neurons with the conditioned media 24 hrs after plating, and the neuronal cells were used on the 7 th DIV. The general procedures of Western blotting of neuronal proteins were the same as previously described (25) . The following commercially-available antibodies were used: anti-NR1 (BD Bioscience, Franklin Lakes, NJ), anti-PSD-95 (Affinity BioReagents, Golden, CO), anti-synaptophysin (Synaptic Systems, Göttingen, Germany) and anti-ß-actin (Sigma-Aldrich, Canada). Semiquantitative analysis of Western blot was performed by means of a GS800 densitometer (Bio-Rad, Hercules, CA). The blot films were scanned and the band densities were calculated using the Quantity One program (Bio-Rad). In some experiments, values of blot densities were normalized to the levels of respective β-actin blots.
For detecting ERK phosphorylation, cells were lysed in a lysis buffer containing 50 mM Tris-HCl, 10 mM EDTA, 1% Triton X-100, 1 mM NaVO 4 , 10 mM NaF, 10 mM sodium pyrophosphate and protease inhibitors. For phospho-EGFR detection, cells were lysed in 50 mM HEPES (pH 7.5), 0.5% Triton X-100, 4 mM EDTA, 1 mM NaVO4, 10 mM NaF and 10 mM sodium pyrophosphate with protease inhibitors. EGFR and ERK tyrosine phosphorylation were analyzed by Western blotting using anti-phospho-EGFR (Tyr 1173 ) or anti-phospho-ERK (Tyr 204 ) antibody (Santa Cruz Biotechnology, Santa Cruz, CA). After stripping the blots, the total protein levels of EGFR and ERK were examined by reprobing the same membranes with anti-EGFR or anti-ERK antibody (Santa Cruz Biotechnology).
Immunocytochemistry -The procedure for immunohistochemistry was as previously described (25) with modifications. For immunostaining the surface GluR2 subunit, antiGluR2 (Chemicon, Temecula, CA, 1:2000) was added to the culture medium and incubated with neurons in the incubator for two hours. Neurons on coverslips were then fixed with 3.7% paraformaldehyde and 4% sucrose in DPBS for 30 min. To stain intracellular GluR2, synaptophysin and/or MAP2, neurons were permeabilized in 0.1% Triton X-100 for 15-30 min, blocked in 5% horse serum or 5% BSA for 1 hr, and then incubated with anti-GluR2, or anti-synaptophysin (Clone 7.2, Synaptic Systems, 1:1000 dilution), or anti-MAP2, (Chemicon, 1:400) at room temperature for 2 hr or at 4 o C overnight. CY3-or FITC-conjugated secondary antibodies were added for incubation at 4 o C for 1 hr. After rinsing with DPBS, coverslips were mounted for confocal microscopic examination. The visual fields under a confocal microscope (Carl Zeiss) were randomly selected by blindly moving the cell-culture coverslip. Digital images were taken with a 63X or 100X objective lens. To determine the densities of synaptic clusters in control and treated neurons, the length of randomly-selected dendrites was measured via Image J and the number of the immunoreactive protein clusters was counted. Thus, the number of protein clusters per 20 µm length of dendrite was obtained. Twenty to forty individual neurons in each group were analyzed. Statistical Analysis -Unless specified otherwise, statistical analysis was performed with Sigmaplot software (SPSS, Chicago, IL). Data was expressed as Mean ± SEM and examined using Students' unpaired or paired t tests whenever appropriate. A p-value < 0.05 was considered significant.
RESULTS

The Versican G3 Domain Promotes Neural Cell Attachment and Neurite Growth
As previously reported (27), we found that more than 98% of embryonic hippocampal cells grown in the described culture conditions were neurons based on their morphology and their immunoreactivity to microtubule-associated protein-2 (MAP2), a neuronal dendritic marker (not shown). With respect to the morphology of developing neurons, neurites were seen in most neuronal cells by the 18 th hour after plating (left panel of Fig 2A) . Given that the versican G3 domain increases the adhesion in several cell types (28;29), we initially investigated the effects of the versican peptides on the attachment and outgrowth of neurites. Notably, inclusion of the G3 or G3 EGF peptide (50 ng/ml) in the plating medium facilitated neural cell attachment (middle and right panels of Fig. 2A) , as evidenced by the increase in the number of cells per image field (Fig.  2B ). This result indicates that the two versican-G3 peptides were biologically reactive. Nevertheless, the effectiveness of G3 EGF on neural cell attachment was notably less than that of the unabridged G3 domain (Fig. 2B) . We then measured the length of the longest neurite of individual neurons on the 18 th hour after plating.
Remarkably, the neurites of neurons grown in G3-, but not G3 EGF-containing medium, were significantly longer than that in control dishes (Fig.  2C ).
Considering that ECM molecules and their proteolytic products often bind with other ECM molecules, we also investigated the effects of versican G3 on cell attachment and growth by coating coverslip with the peptide. ELISA confirmed that the G3 peptide was bound to coverslips (Fig. 2D) . We observed that coating the dish/coverslip with versican G3 also significantly enhanced the cell attachment ( Fig. 2E and 2F) , and neurite growth (Fig. 2E & 2G) .
To investigate the long-term effect of G3 on neuronal growth, we studied the neurite density of neurons in control and G3-coated dishes on the 8 th DIV. We observed that by this developmental stage, neurites ramified with complex fine branches. Notably, neurons on the G3-coated dishes displayed a greater mass of neurites (Fig.  2H) . Since it was impracticable to measure the length of neurites at this stage, we semiquantitatively analyzed the neurite density by measuring the area of fluorescent neurites of individual GFP-expressing neurons. We found that the total area of neurites of individual neurons grown in G3-coated dishes increased significantly (Fig. 2I) .
Considering that nearly all excitatory input in the hippocampus impinges on dendritic spines (30), we subsequently studied the effect of the versican G3 on the growth of dendritic spines of the GFP-expressing neurons on the 8 th DIV (Fig.  2J) . Significantly more dendritic spines or filopodia were observed in neurons grown on the G3-coated dishes than those grown on control dishes (Fig. 2K) .
The G3 Domain Promotes Glutamate Receptormediated Currents
The action of the G3 peptide on neural morphogenesis led us to examine whether this peptide played a role in regulating neuronal function, specifically the activity of transmitter receptors. Glutamate is the major excitatory neurotransmitters in the brain. Thus, we began by measuring glutamate-evoked currents on the 18 th hour after plating in neurons grown in control medium or medium containing G3 or G3 EGF peptide (Fig. 3A1) . The peak amplitude of glutamate-evoked currents was approximately four-time larger in G3-treated neurons than in controls (Fig. 3A2) . In contrast, the current recorded in the G3 EGF-treated neurons was unaltered (Fig. 3A2) .
We also studied the long-term effect of G3 on glutamate receptor-mediated currents in neurons on the 8 th DIV (Fig. 3B1) . The amplitude of glutamate-currents recorded in neurons grown on the G3-coated dishes was significantly larger than controls (Fig 3B2) . Similarly, the N-methyl-D-aspartate (NMDA, 100 µM)-evoked current was also enhanced in neurons cultured on G3-coated dishes (Fig. 3C) . Moreover, in the presence of 2 µM MK801 (an NMDA-subtype glutamate receptor antagonist), the glutamate-current in the G3-treated neurons was still larger than the controls (148 ± 18.5 % of control, n = 4). These combined data indicated that the function of both the NMDA and non-NMDA subtypes of glutamate receptors were up-regulated by G3. In contrast, γ-aminobutyric acid (GABA)-evoked currents were unaffected by G3 (Fig. 3D1 & D2) . The G3-induced enhancement of glutamate-currents could result from increased expression of functional glutamate receptors, or might simply reflect the enlarged dimension of cells as a result of neurite growth. To investigate the underlying mechanism, we measured the membrane capacitance, an index of cell size, while examining the glutamate-current in the same neuron on the 2 nd DIV (about 18-24 hrs after plating, Fig. 3E1 ). The neurons were used at the 2 nd DIV because their neurites were relatively short (see Fig. 2A, 2E ) allowing a fairly accurate measurement of membrane capacitance. The experiments revealed that the capacitance of neurons on the G3-coated dish increased about 50% in comparison with the controls (Fig. 3E2) . Whereas the glutamate-currents in the G3-treated neurons was four times larger than in controls (Fig.  3E3) . Thus, the "density" (pA/pF) of glutamatecurrents in the G3-treated neurons increased dramatically (Fig. 3E4) , suggesting more functional receptors on the cell surface.
To investigate whether the G3-enhanced neurite growth and receptor function are secondary to the increase in cell density, we added G3 directly to existing cultures on the 3 rd DIV, thus avoiding effects on cell attachment. Remarkably, the G3-treatment still increased neurite growth (Fig. 4A & B) and glutamate-currents (Fig. 4C &  D) by the 7 th DIV. This indicates that the effect of G3 on neuronal growth and function is not simply due to the increase in cell density in the culture dishes.
The Versican G3 Up-regulates Neurite Growth and Neuronal Function by Activation of EGFR
The EGF-like domains of some ECM proteins transduce signals for cell growth and differentiation (31) . We proposed that the G3 domain of versican regulated neural growth and function possibly via mechanism(s) associated with its EGF motifs, since G3 EGF lacked these actions ( Fig. 2A & 3A) . To test this, we included the selective EGFR antagonist AG1478 (0.5 and 5.0 µM) in the medium when plating cells on the G3-coated dishes, and examined the cell morphology and function at the 18 th hour after plating. We found that AG1478 did not interfere with the G3-induced increase in cell attachment (Fig. 4E , cell number / field in Ctrl: 19 ± 2.7; G3: 56 ± 3.8; G3+AG1478: 50 ± 4.5; P > 0.05), but drastically suppressed the G3-induced enhancement of neurite outgrowth (Fig. 4E & 4F) . Moreover, AG1478 significantly suppressed the G3-induced enhancement of glutamate-currents ( Fig. 4G & 4H) . These findings suggest that versican G3 modulates neuronal growth and function, at least partially, by activating EGFR.
To test this concept further, we examined whether activating EGFR enhances neural growth and function. Notably, addition of 50-100 ng/ml EGF in the culture medium for 18 hrs significantly increased neurite growth (Fig. 5A & 5B) , and glutamate-evoked currents (Ctrl: 74 ± 19 pA, n = 6 neurons; EGF: 188 ± 47 pA, n = 6, P < 0.05). In addition, immunoblots revealed that the levels of phosphorylated EGFR (pEGFR), but not the total EGFR, greatly increased 10 min after adding EGF (20 ng/ml). The effect of EGF was completely blocked by 20 µM AG1478 (Fig. 5C ). These results confirmed that EGFR was expressed in hippocampal neurons under our culture conditions, and that activation of EGFR up-regulated neural growth and functions. We next examined whether versican G3 could activate EGFR. Treating the neurons with G3-conditioned medium for 5 to 10 min increased the levels of pEGFR, while the total EGFR remained stable (Fig. 5D) . Moreover, the levels of phosphorylated ERK (pERK), but not the total ERK, rose drastically 30 min after the G3 treatment (Fig. 5E ). The activation of EGFR by G3 was transient, returning to control levels within 30 min (Fig. 5D) . In contrast, the G3-activated ERK activity lasted much longer, as the levels of pERK remained high 3 hours after treatment with G3 (Fig.  5E) . Importantly, the G3-induced augmentation of pERK was greatly suppressed by 5.0 µM AG1478 (Fig. 5F ). These results demonstrated that the G3 domain of versican was able to activate the EGFR-ERK pathway in hippocampal neurons.
The Versican G3 Domain Promotes Glutamatergic Synaptic Formation and Transmission
The G3-induced increase in the "density" of glutamate receptor-mediated current (Fig. 3E ) strongly suggests an increase in the surface expression of these receptors. We therefore studied the expression of the glutamate receptor subunits GluR2 and NR1, in neurons grown in control and G3-coated dishes on the 11 th DIV (Fig. 6 ). We demonstrate that coating the dishes with the G3-peptide, increases the number of GluR2 subunit clusters on the cell surface ( Fig. 6A & B) . Using immunoblot analysis, we found that the total protein levels of NR1 subunits also increased in neurons treated with the G3-conditioned medium (Fig. 6C) .
The increase in dendritic spines and glutamate receptor clusters in G3-treated neurons suggests an increase in synapse formation. We therefore employed immunocytochemistry to analyze the expression profile of the presynaptic protein synaptophysin. Remarkably, the number of synaptophysin clusters juxtaposed with dendrites was greatly increased in neurons on G3-coated dishes in comparison with controls ( Fig. 7A & 7B) . In addition, immunoblots confirmed that the levels of synaptophysin (Fig. 7C) as well as the postsynaptic protein PSD-95 (Fig. 7D) were increased in neurons treated with G3. These results demonstrate that G3 increases synapse formation.
We also performed double staining of G3-treated neurons (by adding 50 ng/ml in medium at the 3 rd DIV) with synaptophysin and GluR2 antibodies on the 11 th DIV. As seen in neurons grown on G3-coated dishes, G3 enhanced the number of clusters of synaptophysin and GluR2, but did not change the ratio of co-localization of the two synaptic proteins (Supplementary Figure) . This result suggests that G3 increases glutamatergic synaptic formation without altering the localization of synaptic and extrasynaptic receptors.
To further assess the effect of the versican G3 domain on glutamatergic synaptic transmission, we studied miniature EPSCs (mEPSCs) in neurons grown in the G3-coated and control dishes on the 11 th DIV. Both the amplitude (Fig. 8A, B1 & C1) and frequency (Fig. 8A, B2 & C2) of mEPSCs in neurons grown on G3-coated dishes were increased in comparison with controls. Taken together, these data demonstrated that the G3 domain of versican promotes excitatory synapse formation and transmission.
DISCUSSION
An emerging notion is that some specific domains of ECM molecules activate certain growth factor receptors with intrinsic signaling activity (32) . For example, the EGF repeats in versican G3 domain have been demonstrated to be involved in cell proliferation and differentiation (16) . Expanding on this notion, we now report two major findings derived from our study. First, the versican G3 domain promotes neurite growth and facilitates glutamatergic synaptic transmission in hippocampal neurons. Second, the G3 peptide modulates the neuronal attachment, morphology and function via EGFR-dependent and independent signaling pathways.
Versican Regulates Neurite Growth and Synaptic Function
A novel finding in this study was that the versican G3 domain enhanced the neurite extension of neuronal cells. With regard to the role of versican in neurite growth, V2, the major isoform of versican in the adult brain (8, 9, 33 ) is demonstrated to be inhibitory (13, (34) (35) (36) . V2-mediated inhibition likely occurs through its GAGattached CS-region, because removing the GAG chains attenuates CSPG's inhibitory activity on axonal regeneration (37) . On the other hand, the versican V1 isoform is highly expressed in embryonic brains (8) , in which vigorous neurite growth occurs. In addition, the neurite outgrowth of cultured hippocampal neurons is facilitated by the V1-conditoned medium (14) . These findings indicate that different isoforms of versican may play distinct roles in regulating neurite growth. In addition, previous studies have shown that neurite growth occurs in concert with ECM cleavage and the cleavage products possess remarkable biological activities that are absent from the parent molecules (38) . Indeed, our study and previous reports, demonstrated that the G3 domain exhibits novel biological activity (15) (16) (17) (18) .
Neurite growth is accompanied by neurotransmitter receptor targeting to the specific membrane domain. Interestingly, whilst enhancing neurite growth, the versican G3 up-regulated glutamate receptor-mediated currents. The enhancement of glutamate receptor function likely reflected an integrated action of the G3 peptide on the neurons. First, G3 intensified neurite arborization, providing a larger dendritic compartment for glutamate receptor manifestation. Second, G3 increased the "density" of glutamatecurrents, indicating that G3 enhanced glutamate receptor function, rather than simply enlarge the size of the cell. Because the total expression levels of receptor proteins and the compactness of receptor clusters increased significantly in treated neurons, we propose that the G3 peptide upregulated glutamate receptor function, at least partially, by enhancing the expression and targeting of receptors to the cell surface. Nevertheless, the possibility that G3 modulates glutamate receptor channel activity via protein phosphorylation should not be ruled out.
Versican G3 increased the number of dendritic spines and clusters of the presynaptic protein synaptophysin as well as PSD-95, a postsynaptic signaling protein present at glutamatergic synapses. These results indicate a role of the versican domain in synapse formation and neural circuit establishment. This idea was supported by the observation that spontaneous synaptic activity increased in the G3-coated dishes. The results also demonstrate a sustained action of the versican G3 fragment on glutamatergic synaptic structure and function. On the other hand, rapid ECM proteolysis (39) could underlie the prompt growth of dendritic spines (40) and insertion of glutamate receptors (24) demonstrated to rapidly occur following the induction of synaptic plasticity (i.e. LTP). Versican G3 may play a role in such prompt regulation of synaptic function, as our unpublished result showed that treating the neurons with the G3 products for 20 min significantly increased glutamate-currents.
Moreover, the present study demonstrated a swift elevation of pEGFR following G3-treatment (Fig.5) . Further studies will be required to determine whether the versican G3 fragment may play a role in fast synaptic plasticity.
It was intriguing to observe that the versican G3 peptide selectively enhanced the function of glutamate, but not GABA receptors. Most glutamate receptors are located on the distal dendrites, whereas A-type GABA receptors are densely positioned on the perikarya, or primary dendrites of neurons. These two types of receptors specifically interact with distinct intracellular anchoring and signaling proteins. It is plausible that the versican G3 domain selectively regulates the expression and targeting of glutamate receptors by activating specific signaling pathway(s).
Versican G3 Exerts Biological Actions via EGFRDependent and -Independent Pathways
The initial results of this study showed that the effects of G3 on neurite growth and glutamatergic activities are associated with its EGF motifs, as G3 EGF lacked these functions. ECM components can act as active sites for signal transduction (41) . For example, the tenascinderived EGF-repeats are able to bind to EGF receptor (42) with concomitant signals. In this regards, the versican G3 domain can enhance endothelial cell adhesion (15) via its EGF-like motif (16) . Importantly, versican V1 enhances the neurite growth, EGFR expression and ERK phosphorylation in PC12 cells (14) . Given that EGFR is widely expressed in the mammalian brain (43, 44) , and EGFR activity regulates neural cell differentiation (45) , neurite growth (46) (47) (48) and guidance (48), we tested a possibility that versican G3 regulates neural morphogenesis and function by activating EGFR. We found that 1) G3 swiftly increased the phosphorylation of EGFR, indicating an activation of the receptor (49); 2) the G3 peptide rapidly increased the phosphorylation of ERK, a downstream signaling mediator of EGFR activation (50,51) and 3) the G3-induced ERK phosphorylation could be effectively suppressed by selective EGFR inhibition. These results showed that the versican G3 peptide was capable of rapid activation of the EGFR-signaling pathway.
Neurite growth and synaptic protein targeting are associated with protein phosphorylation. In this regard, blockade of EGFR
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significantly decreased neurite growth and glutamate receptor-mediated currents in neurons on the G3-treated dishes. These results indicate that the G3 peptide regulates neurite growth and synaptic function, at least partially, via activation of the EGFR-ERK signaling pathway.
Versican is highly expressed by oligodendrocytes (53) in the brain (8, 54) . Versican V2 participates in the formation of perineuronal gel layer in the adult brain (55) , stabilizing synapses and inhibiting neural plasticity. Conversely, degradation of CSPGs reactivates neural plasticity (3) . In this regard, ADAMTs (a disintegrin and metalloproteinase with thrombospondin motifs) cleave the central CSregion of versican (56) (57) (58) , releasing G1-and G3-containing fragments. Versican products regulate various cellular functions by interacting with cell surface receptors such as β1-integrin and Pselectin glycoprotein ligand-1 (18, 28, 59) , or with other ECM molecules including hyaluronan, tenascin, fibulin-1, fibrillin, fibronectin, and selectins (10, 15, (60) (61) (62) (63) . The present study demonstrates that a synthesized versican G3-domain up-regulates neural morphogenesis and synaptic transmission through EGFR-dependent and -independent pathways. These findings support a physiological role for the proteolytic products of versican in neural development and regeneration.
On the other hand, the G3-enhanced neuronal attachment persisted in the presence of EGFR inhibitor, indicating that versican G3 enhanced neuronal cell attachment thorough EGFR-independent pathway(s). The versican peptides enhanced cell attachment possibly by means of interacting with other adhesion molecules, as the highly conserved C-terminal (G3) domain of CSPGs can interact with various extracellular matrices. For example, the aggrecan G3 proteins can interact with tenascin and fibulin (52) . More interestingly, the presence of EGF motif in the aggrecan G3 proteins enhances the affinity of these interactions (52) . Consistent with this notion, we found that the versican G3 peptide was more efficient than G3 EGF in enhancing neuronal cell attachment. Plotted is the result of ELISA assay of G3-immunoreactivity (arbitrary unit) on coverslips (Ctrl: 0.33±0.33; G3: 4.4±0.86, P < 0.01), demonstrating that G3 could be firmly coated on the coverslip/dish. E. Shown are the 18 hour neurons on dishes coated with PDL alone (control), or together with the G3 peptide. Note the enhancement of neurite growth on the G3-coated dish. F. Shown is the averaged number per image field of attached cells on control and G3-coated coverslips (Ctrl: 21±2, n = 7 image fields; G3: 27±3, n = 11, * P<0.05). G. The bar graph summarizes the averaged length of the longest neurites of individual neurons on control and G3-coated dishes (Ctrl: 59.2 ± 6.6 µm, n = 26 neurons from 4 dishes of two batches of culture; G3: 134.4 ± 8.6 µm, n = 26, ** P < 0.01). H. Example images of individual GFP-expressing neurons on the control and G3-coated coverslips. Note the difference in neurite densities between the two conditions. I. Plotted is the averaged fluorescent area of individual GFP-neurons grown on the control and G3-coated coverslips (Ctrl: 1751±123 pixels/field, n = 21 neurons; G3: 3268±309 pixels/field, n = 21; ** P < 0.01). J. Confocal images illustrate the fine neurite structures of GFPexpressing neurons on the control and G3-coated coverslips on the 8 th DIV. The neurite structures within the rectangle of the representative neurons is enlarged and shown below. K. Shown are the numbers of spines per 20 µm of neurite on the control and G3-coated dishes (Ctrl: 0.9 ± 0.2, n = 30 neurons; G3: 2.5 ± 0.3, n = 30, *** P < 0.0001). Fig. 3 . The G3 peptide selectively enhances glutamate-evoked currents. A1. Typical traces of glutamate (100 µM) currents evoked in neurons grown in control medium, medium containing G3 or medium containing G3 EGF 18 th hour after plating. A2. Plot summarizing the peak amplitude of glutamatecurrents recorded 18 th hour after plating from neurons cultured under different conditions (Ctrl: 7.0±1.5 pA, n = 6 neurons; G3: 52±10 pA, n = 5, ** P < 0.01; G3 EGF: 10±3 pA). B1. Representative traces of glutamate-evoked currents recorded from neurons (8 DIV) in dishes coated with PDL alone (Ctrl), or together with G3. B2. Plot is the normalized glutamate-currents (standardized to the averaged peak amplitude of currents recorded in control neurons; G3: 154±21% of control, n = 8, * P < 0.05). C. The plot shows the values of normalized peak currents that were evoked by NMDA (I NMDA, G3:161±20 % of control, n = 14, * P < 0.05). D1. Shown are the representative traces of GABA (100 µM)-evoked currents in neurons (8 DIV) grown in control and G3-coated dishes. D2. Plotted are the values of normalized amplitude of GABA-currents (I GABA ). E. Shown are example traces of glutamate current (E1), as well as the values of membrane capacitance (E2, Ctrl: 15.8±1.4 pF, n = 6 neurons; G3: 24.1±1.3 pF, n = 6; * P < 0.05), current amplitude (E3, Ctrl: 113±37 pA, n = 6; G3: 492±43 pA, n = 6, ** P < 0.001) and current-capacitance ratio (pA/pF, E4, Ctrl: 6.5±1.5 pA/pF, n = 6; G3: 20.1±1.3 pA/pF, n = 6, ** P < 0.001) obtained from neurons (2 DIV) grown in control and G3-coated dishes. Fig. 4 . Regulation of neuronal cell growth and glutamatergic function by versican G3 is unrelated to cell density but associated with activation of EGFR. A. Shown are typical images of neurites of neurons (7 DIV) grown in control dishes, or dish with G3 added on the 3 rd DIV. Note the increase in neurite density in G3-treated dishes. B. Plotted are values of neurite-covered area per image field (Ctrl: 10728±1371 pixels/field, n = 6 fields; G3: 17929±2215 pixels/field, n = 6; * P < 0.05). C. Typical traces of glutamate-currents in control and in neurons treated with G3 on the 3 rd DIV. D. The amplitude of glutamate-evoked currents in control and G3-treated neurons (Ctrl: 327±88 pA, n = 6 neurons; G3: 623±84 pA, n = 7; * P < 0.05). E. Photos show the morphology of hippocampal neurons 18 hrs after plating on control dish (Ctrl) or G3-coated dishes in the absence (G3) or presence of 0.5 µM AG1478 (G3+AG1478). Note that AG1478 decreases the G3-enhanced neurite growth, but has no effect on the number of attached cells. F. Plotted is the average length of neurites in conditions of control, G3, as well as G3 plus 0.5 and 5.0 µM AG1478 (Ctrl: 75.7 ± 4.3 µm, n = 41 cells; G3: 157.7 ± 9.2 µm, n = 46, ** compared to control, P < 0.001; G3 + AG1478 [0.5µM]: 94.9 ± 5.9 µm, n = 51, # compared to G3 alone, P < 0.05; G3 + AG1478 [5. 0µM]: 65.9 ± 4.9 µm, n = 25, # # # compared to G3 alone, P < 0.0001). No morphological change in neurons was observed after 18 hour treatment with 0.5 or 5.0 µM of AG1478. G. Representative traces show the glutamate-evoked current (I glut ) 18 hours after plating neurons grown under different conditions. H. Graph summarizing the peak amplitude of I glut recorded from neurons grown in different conditions (Ctrl: 58.4 ± 11.9 pA, n = 16; G3: 255.3 ± 34.1 pA, n = 17 cells, ** compared to control, P < 0.001; G3 + AG1478 [0.5µM]: 121.4 ± 21.8 pA, n = 16, # compared to G3 alone, P < 0.005; G3 + AG1478 [5. 0µM]: 65.4 ± 15.9 pA, n = 8, # # # compared to G3 alone, P < 0.0001). Plotted are values of neurite length (Ctrl: 40.4 ± 4.8 µm, n =12 neurons; EGF: 68.9 ± 7.3 µm, n = 15, * P < 0.05). C. Immunoblot shows that treating neurons (5 DIV) with EGF (20 ng/ml) does not alter the total EGFR, but drastically increases the level of pEGFR, demonstrating the specificity of the pEGFR antibody. Note that the increase in pEGFR is blocked by the selective EGFR inhibitor AG1478 (20 µM). D. Treating the cultured hippocampal neurons with the G3 conditioned medium transiently increases the level of pEGFR, but not the total EGFR protein. Numbers under pEGFR blotting band indicate normalized optical density of the blot under each condition. E. The vector control medium (Vect) has no effect on ERK phosphorylation, whereas the G3 medium raises the level of pERK, but not the total ERK protein. F. The G3-induced increase in pERK is suppressed by the EGFR inhibitor AG1478 (0.5 and 5.0 µM). 8 . The versican G3 product enhances excitatory synaptic activity. A. Shown are representative traces of mEPSCs recorded from hippocampal neurons (11 DIV) grown on dishes coated with PDL alone (Ctrl) or together with the G3 peptide. Note the increase in both the amplitude and frequency of mEPSCs in the G3-treated neurons. Cumulative probability plots for the amplitude (B1) and interval (B2) of mEPSCs recorded from a control and a G3-treated neuron. The amplitude (C1) and frequency (C2) of mEPSCs recorded from neurons under the two culture conditions were analyzed and plotted (C1, Ctrl: 26 ± 4 pA, n = 7; G3: 46 ± 5 pA, n = 7, * P < 0.05; C2, Ctrl: 1.3 ± 0.2 Hz, n = 7; G3: 1.9 ± 0.3 Hz, n = 7, * P < 0.05). 
